AlN/BN nanocomposites indicated such a unique property as machinable with high fracture strength. In order to investigate the deformation mechanism of AlN/BN nanocomposites, Hertzian contact tests were performed on monolithic AlN, and nanocomposite and microcomposite AlN/BN. The monolith and microcomposite comprised micro-sized grains of AlN and BN. In the microcomposite, plate-like BN particles preferentially oriented perpendicular to the hot-press direction. On the other hand, the nanocomposite showed a finer microstructure with fine BN particles and small matrix grains. These microstructural differences led to differences in the mechanism of contact damage. The damage of the monolithic AlN and the AlN/BN microcomposite exhibited collapsed Hertzian cone fracture and preferentially oriented large cracks perpendicular to the hot-press direction, whereas the damage observed in the nanocomposites appeared to be quasi-plastic deformation.
Introduction
Aluminum Nitride (AlN) ceramics have attracted much attention as substrate and heat sink in electric devices due to high thermal conductivity and high electrical resistivity. Furthermore, AlN is a prime candidate as a refractory ceramic due to its high melting point (2773K). Its excellent thermal, mechanical and corrosive resistant properties coupled with high hardness make it an ideal choice as a structural material, but this machinability is still insufficient for wide applications 1)-4) In order to overcome this shortcoming, the fabrication of boron nitride (BN) composites has been explored 5), 6) because BN has a low Young's modulus and good machinability owing to its graphite-like layered structure. 7) However, it has been reported that the addition of commercially available BN particles with several micrometers in grain size markedly decreases the fracture strength of the composites because of the cleavage properties and low fracture strength of BN. 5),6), 8) Recent studies have indicated that this deterioration in fracture strength could be suppressed by using smaller BN particles.
9)-12) Machinability and fracture strength were improved through the use of a homogeneous dispersion of fine BN particles in the hard matrix such as SiC and AlN.
13)-17)
In order to understand the mechanisms of machinability and other mechanical properties, it is particularly interesting to investigate the deformation mechanisms of the AlN/BN composite, in which extremely soft and weak h-BN particles were homogeneously dispersed in the hard AlN matrix. Hertzian contact tests were employed to determine the deformation mechanisms by mechanical damage.
18)-20) Contact damage by Hertzian indentation for homogeneous brittle materials, such as glasses and single crystals, has been widely reported in the literature. 21 ),22) Above a critical load, a ring crack is initiated in the weakly tensile region just outside the circle of contact with the indenting sphere, and propagates downward as a surface-truncated cone. Finally, this crack is extended to a depth approximately equal to the contact radius. This is the so-called Hertzian cone crack, which is common in brittle ceramics. However, Lawn and co-workers have shown that the nature of this contact damage changes fundamentally as the ceramic becomes coarser and more heterogeneous.
18),19) Some cone fracture results have been reported for low-toughness fine-grained monolithic ceramics, for example, SiC, Si3N4, and Al2O3.
23)-25) However, examination of Hertzian indentation in a heterogeneous silicon carbide with a coarse and elongated grain structure and an intergranular second phase has revealed a fundamental transition from classical Hertzian cone fracture to quasi-plastic deformation with the accumulated damage. 23)-26) It is established that this deformation mechanism has the potential to disperse and absorb mechanical shock and to enhance the machinability and residual strength after machining.
27)-29)
In our previous study, we have reported the fabrication of machinable AlN/BN nanocomposites in which fine BN particles are homogeneously dispersed in the AlN matrix. 16 ),17) Since machinable AlN/BN nanocomposites have a more homogeneous microstructure than the previously reported materials that show quasi-plastic deformation, 30) it is interesting to determine whether the contact damage of machinable AlN/BN nanocomposites involves quasi-plastic deformation or classical Hertzian cone fracture. The purpose of the present study is to investigate the contact damage of machinable AlN/BN nanocomposites using Hertzian contact tests. Special emphasis was placed on understanding the effect of microstructure on contact damage in the nanocomposite, microcomposite and monolithic AlN.
Experimental

Material
For fabrication of the AlN/BN nanocomposite, the process presented in our previous paper 16) was adopted. Boric acid (reagent grade, Wako Pure Chemical Industries, Tokyo, Japan) and urea (reagent grade, Wako Pure Chemical Industries, Tokyo, Japan) were used as raw materials for the BN precursor. The BN JCS-Japan content was adjusted to 15 vol%. The AlN powder (F grade, Tokuyama Corp., Yamaguchi, Japan), boric acid, and urea were mixed by conventional wet-ball-milling with ZrO2 balls and ethanol in a plastic bottle for 24 h to ensure homogeneity of the powder mixture. Before drying, a small amount of ionexchanged water was added to the slurry to dissolve the boric acid and urea completely and to prevent the boric acid from evaporating. The dried mixture was reduced at 350°C for 3 h and at 1100°C for 8 h in hydrogen gas, and then heated at 1500°C for 5 h and 1650°C for 5 h in nitrogen gas to produce the AlN-BN nanocomposite powder. The nanocomposite powder was ball-milled for 72 h to eliminate hard agglomerates. After the second ball-milling run, the slurry was dried, and the powder was dry-ball-milled for 6 h. To fabricate the AlN/BN nanocomposite, the nanocomposite powder was hot-pressed at 1800°C for 2 h in nitrogen atmosphere under an applied pressure of 30 MPa. For comparison, a commercially available h-BN powder with an average grain size of 9 μm (GP grade, Denki Kagaku Kogyo Kabushiki Kaisha, Tokyo, Japan) was used to produce the microcomposite.
Hertzian contact test (a) Ball indentation measurement:
The sintered materials were cut and machined to 3 × 4 × 20 mm rectangular specimens. The surfaces for indentation stress-strain testing were polished using a 0.5-μm diamond paste and then coated with gold. Indentations were made using WC/Co spheres of radii r = 2, 3, 5 and 6 mm, with a load range from P = 9.8 to 1666 N, on a universal testing machine (Autograph, AG-10TC, Shimadzu Co., Ltd., Japan), as shown in Fig. 1 . The contact radius (a) at each applied load was determined by residual traces in the gold layer after ball indentation, 31) and thence the contact pressure (p 0 ) was plotted as a function of indentation strain (a/r) (see Fig. 4 ).
(b) Damage Observations: Examination of subsurface contact damage after ball-indentation was made using a bonded-interface technique, 32)-34) consisting of two polished half blocks joined together by an adhesive. Indentations were made symmetrically across the traces of the interface at loads from 9.8 and 1666 N with a tungsten carbide (WC) sphere of radius 1.5 mm. After testing, the bonded materials were separated and the surfaces and sections cleaned with acetone. The polished specimens were viewed in an optical microscope using Nomarski interface contrast to reveal the macroscopic damage patterns, 35) as shown in Fig. 1 . The microcracks in the damaged area were characterized by a scanning electron microscope (SEM). Figure 2 shows fractured surfaces of the AlN/BN micro-and nanocomposite and monolithic AlN. It was found that the nanocomposite has a homogeneous microstructure, compared with the microcomposite and monolithic AlN. As shown in Fig. 2 (c) , it was observed that large BN grains preferentially orient perpendicular to the hot-pressing direction in the microcomposite. The measured properties for the testing samples are included in Table  1 . Also, Fig. 3 represents the AlN/15 vol% BN nanocomposite machined using WC/Co drill bit. Though 15 vol% BN is though to be small to make AlN machinable, it was possible to make holes by WC/Co drill bit. However, drilling in AlN/15 vol% BN nanocomposite was harder than that in AlN/20 and 30 vol% BN. Despite its machinability, the nanocomposite retained high strength owing to inhibition of grain growth of BN particles and their agglomerates, which are thought to initiate fracture and decrease fracture strength of the composites. 
Results and discussion
Microstructure and properties of testing samples
Indentation stress-strain curve
The Hertzian contact test studied by Lawn et al. is a simple experiment for investigating the potential to absorb mechanical shock. The present study employed this test to elucidate the damage mechanisms of the AlN/BN micro-and nanocomposite and monolithic AlN. Fig. 4 shows the indentation stress-strain curve for the monolithic AlN and the AlN/BN nanocomposite containing 15 vol% BN dispersion. The responses were obtained by monitoring the mean contact pressure (p 0 ) Fig. 1 . Hertzian test geometry for bonded-interface specimen. Sphere, radius r, delivers load P over contact radius a. AlN specimen consists of two polished halves bonded across the interface. 
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as a function of the geometrical ratio a/r, where P, a and r are the indentation load, the radius of contact and the sphere radius, respectively. For reference, the horizontal dashed lines at the right axis represent the Vickers hardness values for the nanocomposite.
The monolithic AlN behaved as an ideal brittle material, with near linear response up to p 0 = 8.2 GPa, above which the curve deviated slightly below the linear response due to deformation of the WC/Co spherical indenters. In contrast, the curves of the AlN/BN nanocomposite containing 15 vol% BN dispersion deviated dramatically from the linear response at p 0 = 6.6 GPa. This deviation is essentially attributed to the deformation of the nanocomposite sintered body, rather than of the spherical indenters. The difference of these responses indicated that some deformation in the nanocomposite occurred at lower indentation stresses as a result of the dispersion of BN particles. Figure 5 shows the half-surface (upper) and side section (lower) views of Hertzian contact damage for the AlN monolith, the AlN/BN microcomposite, and the nanocomposite containing 15 vol% BN dispersion, respectively. The damage in the monolithic AlN showed collapsed Hertzian cone fracture, which is thought to be caused by an occurrence of Hertzian cone fracture and quasi-plastic deformation simultaneously. In a brittle ceramics with large grain size and resultant weak grain boundary bonding, quasi-plastic deformation is often observed due to grain boundary detachments. However, since the material in which Hertzian cone crack is observed behaves as an almost ideal brittle solid, the present monolithic AlN sample also behaves as an almost ideal brittle solid, as can also be deduced from the stressstrain curves. On the other hand, the AlN/15 vol% BN microcomposite exhibited many large cracks in the subsurface deformation zone beneath the contact. These large cracks were clearly different from the classical Hertzian cone crack observed in the monolith, and are attributed to the dispersion of larger h-BN particles and to the microstructure in which the plate-like h-BN are oriented perpendicular to the hot-pressing direction as seen in Fig. 2 (b) . As described in our previous paper, 11) the h-BN grains are spontaneously oriented perpendicular to the hot-pressing direction during hot-press sintering owing to their plate-like structure. The orientation of soft and plate-like BN particles makes the strength perpendicular to the hot-pressing direction very low, and hence cracks propagate easily in this direction. That is presumably why such large cracks were observed in the AlN/BN microcomposite. In contrast to the monolith and the microcomposite, as shown in Fig. 5 (c) , the damage in the subsurface deformation zone of the AlN/15 vol% BN nanocomposite appears to be quasi-plastic deformation, reminiscent of the plastic deformation zone in ductile metals. Also, this deformation was accompanied by the disappearance of surface ring cracks, which represents the brittle-to-ductile transition induced by the finer h-BN dispersion. Since the nanocomposite has a microstructure in which fine h-BN particles are homogeneously dispersed in the AlN matrix, we believe it thought to be possible to disperse and absorb the stresses due to ball-indentation by deformation and/or fine cracks originating from soft h-BN particles dispersed along the grain boundaries. Figure 6 (b) shows SEM micrographs of quasi-plastic deformation zone observed in the nanocomposite. Significant interfacial cracks were observed at grain boundaries in the damaged area. This suggests that the bonding strength of the grain boundaries was decreased by the fine BN particles at the grain boundaries, and the quasi-plastic deformation zone was composed of grain boundary detachments driven by the strong shear component at the grain boundaries. One of the reasons for the good machinability of the nanocomposite is presumably the quasi-plasticity caused by the weak interfaces between the AlN matrix grain and the h-BN dispersion at the grain boundaries. 
Microscopic observations of subsurface damage
Conclusions
The contact damage of machinable AlN/BN nanocomposite with high strength was investigated by comparing with the monolithic AlN and the microcomposite. The contact damage in monolithic AlN involved collapsed cone fracture as in a brittle solid. The subsurface deformation zone in the AlN/BN microcomposite exhibited many large cracks that propagated through the plate-like BN particles, rather than along the AlN grain boundaries. In contrast to these materials, the AlN/BN nanocomposite with a homogeneous microstructure consisting of fine AlN and BN grains showed quasi-plastic deformation, and hence significant interfacial microcracking at the AlN grain boundaries. The quasi-plasticity of the nanocomposite may be attributed to the decrease in bonding strength of the grain boundaries between AlN grains owing to the presence of fine BN particles at these grain boundaries. 
